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ABSTRACT

Using Molecular Markers to Trace the Population History of Volant Organisms at Differing
Temporal Scales
by
Noah A. Burg

Using molecular markers to test phylogenetic and phylogeographic hypotheses is critical for
tracking the population origin of invasive, introduced species (Chapter 2, Chapter 4) and to
identify the systematic relationships of disparate lineages at both shallow and deep evolutionary
time scales (Chapters 3, Chapter 4). In this thesis, Sanger Sequencing was used to generate
datasets based on fresh and preserved tissue from specimens collected in the field, as well as
museum tissue vouchers granted from various institutions in the US and Europe. In combining
these source materials, data were generated for three focal studies: 1) In the first research section
(Chapter 2), the recent evolutionary history of a single species of butterfly, the Dryas iulia, was
analyzed regarding phylogeographic and population-level molecular data to test hypotheses
about the appearance of this New World butterfly on the Thai-Malay Peninsula. The data
confirm that this butterfly was introduced from a Central American population and did not
disperse naturally over the Pacific. 2) In the second research section (Chapter 3) the deeper
evolutionary history of an avian order, the Cuckoos, was investigated to test competing theories
regarding the monophyly of the tribe Cuculini, comprised of the majority of Old World obligate
brood parasitic cuckoo species. The most recent comprehensive phylogeny of this group was
iv

based on data from two mitochondrial markers only and so this analysis expanded upon those,
using additional tissue material to generate a multi-locus (mitochondrial and nuclear), genuslevel phylogeny of the basal members of tribe Cuculini. Regarding the existing hypotheses
surrounding the number of independent evolutionary origins of obligate brood parasitism within
the Cuculidae, these new data confirm 3 independent such origins. The data also suggest novel
placement of unresolved basal genera within Cuculini, suggesting rearrangements amongst these
taxa. 3) The third research section (Chapter 4), tracks the population origin of an introduced
obligate brood parasite: the Pin-tailed Whydah (Vidua macroura), as it looks at phylogeographic
and population-level molecular analyses to test hypotheses about the introduction of this species
to North America and the Caribbean. V. macroura is endemic to sub-Saharan Africa and has
been successfully introduced by humans to at least two locations in the New World. Cryptic
population diversity is confirmed across this species’ range in sub-Saharan Africa, which was
then used to confirm a likely western African origin as the source for all individuals sampled in
the Caribbean and North America, as well as captive stocks sold in the pet-trade. Overall, these
three studies demonstrate that employing a molecular sequencing-based approach to the study of
the population history of volant organisms at differing time scales has important utility –
especially in the tracing of introduced invasive species.
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CHAPTER 1

INTRODUCTION

Introduced Species
While humans have domesticated animals and plants since prehistoric times, the formal and
intentional movement to introduce species to exotic landscapes traces its roots to nineteenth
century France, the Jardin Zoologique d’Acclimatation and with it, the dawn of the
acclimatization movement (Lever 1992). As Lever points out (1992), the movement spread to
England and subsequently to Australia, New Zealand and the US in the latter half of the 1800s.
One of the more infamous proponents of the release and introduction of exotic species in the
United States was Eugene Schieffelin, one of the founding members of the American
Acclimatization Society in the 1870s. Schieffelin is credited with releasing both the European
Starling (Sturnus vulgaris) and the House Sparrow (Passer domesticus) in the late 1800s in New
York City, the former for aesthetic reasons, and the latter in an attempt to control caterpillars that
were infesting trees near his local park (Greene et al. 1906, Lever 1992, Todd 2001, Simberloff
and Rejmanek 2011). Schieffelin’s story highlights two of the historic reasons species were
introduced to novel landscapes: introductions as attempts at bio-control of a perceived problem,
and introductions for aesthetic reasons. With the spread of exotic organisms coinciding with
depletion of wildlife through over-hunting, Americans at the end of the 1800s had shifted their
attitudes towards such unregulated pursuits and enacted the Lacey Act in 1900 (Cart 1973) to
combat these woes. In addition to intentional releases, humans are responsible for
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unintentionally moving biological organisms around the globe through international trade and
movements of people and cargo (Mack et al. 2000). Introduced and invasive species are
perceived as one of the greatest threats to native biodiversity around the world and represent an
enormous economic burden on the American economy in particular (Pimentel et al. 2005,
Clavero and García-Berthou 2005, ISSG 2014a). Studies of introduced populations are one
critical component to effectively managing and mitigating the effects these species can have on
global biodiversity (Walter 2003, Simberloff et al. 2005, Witmer et al. 2007). Studies of
introduced populations can contribute greatly to our understanding of these species in novel
landscapes (Bossenbroek et al. 2007, Runde et al. 2007, Simon et al. 2011, Witmer and Fuller
2011a, Minor et al. 2012, Edelaar et al. 2015).

Brood Parasites
Avian obligate brood parasites are birds that reproduce exclusively by laying their eggs in the
nest of another species. This reproductive strategy has fascinated amateur and professional
evolutionary biologists historically, dating back at least to the time of Aristotle (Payne 2005).
Molecular phylogenetic studies of obligate brood parasites allow for insights into evolutionary
processes governing the multiple origins of this reproductive strategy, which may help to
elucidate the genetic bases for adaptations to parasitic lifestyles and behaviors (Hauber and
Dearborn 2003). Obligate brood parasites pose some fundamental questions about intrinsic
behavioral adaptations and the genetic underpinnings of those behaviors (Edwards 2012).
Additionally, as parasites’ reproductive success is linked by definition to their ability to induce
the host species into incubating and rearing the parasite young, systems of duplicity and
deception have been observed throughout many parasitic species (Payne 2005). In turn, as
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parasitism by definition benefits only one party in the system, selection presumably favors host
adaptations to detect and defeat the parasitism and thereby avert a reduction in the host’s fitness
(Kilner and Langmore 2011). Interspecific brood parasitism has become representative of coevolutionary arms races in the popular eye – with selection favoring adaptations that foster and
facilitate effective parasitism as well as its detection, mitigation, and/or prevention by the hosts
or potential hosts (Rothstein 1990, Langmore et al. 2003, Feeney et al. 2012). Providing a
molecular genetic framework for understanding the evolution of brood parasitism in Cuculidae is
a goal of this thesis and is crucial in ascertaining the number of independent origins of brood
parasitism within the cuckoo family. Conflicting assessments regarding the evolutionary origins
of this behavior are present in the literature, with the most recent phylogenetic hypothesis based
on only two mitochondrial markers (Sorenson and Payne 2005). In order to resolve the debate
surrounding the evolution of brood parasitism in Old World cuckoos and provide a framework
for further exploration of this behavioral adaptation, it is necessary to construct a multilocus
phylogeny of this group.

Introduced Brood Parasites
Co-invasion, host-parasite coevolution, and contingency are all presumed to play roles in the
success of the human-facilitated introduction of the brood parasitic Pin-tailed Whydah (Vidua
macroura) (Figure 1.1A) and its estrildid hosts (Figure 1.1C and 1.1D) to a novel and disjunct
distribution in the Caribbean and southern California (Thompson 1999, Thompson and
Cunningham 2002, Hauber et al. 2004). Characterization of host-parasite interactions and
population dynamics across their introduced range, as well as characterization of non-parasitized
host populations in other exotic ranges, will allow for tests of the relative roles of intrinsic and

3

extrinsic factors in the establishment of these new populations (Torchin et al. 2003, Blackburn et
al. 2009, Lafferty et al. 2010, Greischar and Lively 2011). A wild population of Pin-tailed
Whydahs – popularly kept as caged pets – was first reported on the Caribbean island of Puerto
Rico in the early 1970s (Long 1981, Moreno 1997, Lever 2005). Pin-tailed Whydahs exclusively
parasitize estrildid finches across their native range (Johnsgard 1997, Davies 2000, Sorenson et
al. 2004). The Whydah young have gape patterning that closely resembles that of their hosts
(Schuetz 2005) (Figure 1.1E), suggesting a mechanism for successful parasitism. At present,
based on observations of mating displays during research trips to Puerto Rico in summer of
2014, January 2015, and April 2015, as well as personal communication with avian researchers
on the island, Pin-tailed Whydahs are known to breed throughout Puerto Rico, wherever
grassland and open habitat is found (Personal communication, Carlos Delannoy, Raul PerezRivera, Joseph Wunderle, 2012). Pin-tailed Whydahs are thought to parasitize novel species in
their introduced territory, where their primary hosts in Puerto Rico are both African and nonAfrican estrildids (Personal communication Carlos Delannoy; Ralul Perez-Rivera, 2012). These
estrildids, also introduced by humans, are thought to have established populations on Puerto Rico
dating to the mid-1800s (Long 1981). There are also infrequent reports - but no confirmed
successful rearing - of Pin-tailed Whydahs laying eggs in the nests of New World native
grassquits (Figure 1.1B) (Family: Thraupidae) (Personal communication, Raul Perez-Rivera;
Herb Raffaele, 2012). There has recently been an increase in the number of Pin-tailed Whydahs
reported with mixed flocks of introduced estrildids in southern California, representing a second
New World breeding population (Garrett and Garrett 2016).
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Given the Pin-tailed Whydah’s (Vidua macroura) release in two (Caribbean and California
Floristic Province) of the world’s top 25 biodiversity hotspots (Myers et al. 2000), assessing the
population genetics, dynamics, behavioral adaptations, invasive potential, and economic impact
of the Pin-tailed Whydahs will inform management and conservation decisions regarding these
introduced populations (Savalli 1990, Bergman et al. 2000, Tillman et al. 2000, Witmer et al.
2007, Runde et al. 2007, Blackburn et al. 2009, Bonter et al. 2009, Witmer and Fuller 2011b).

Figure 1.1.
Left to right: A) Pin-tailed Whydah (Vidua macroura), Cabo Rojo, Puerto Rico and potential
host species B) Yellow-faced Grassquit (Tiaris olivacea), Cabo Rojo, Puerto Rico; C) Bronze
Mannikin (Lonchura cucullata), Cabo Rojo, Puerto Rico; D) Orange-cheeked Waxbill (Estrilda
melpoda); Cabo Rojo, Puerto Rico E) V. macroura (left) and Estrilda astrild (right), displaying
convergent gape patterning in young (Schuetz 2005).
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CHAPTER 2
Title
Inferring the Provenance of an Alien Species with DNA Barcodes: the Neotropical
Butterfly Dryas iulia in Thailand
Originally published under the above title in PLoS ONE (Burg et al. 2014).
Abstract
The Neotropical butterfly Dryas iulia has been collected from several locations in Thailand and
Malaysia since 2007, and has been observed breeding in the wild, using introduced Passiflora
foetida as a larval host plant. The butterfly is bred by a butterfly house in Phuket, Thailand, for
release at weddings and Buddhist ceremonies, and we hypothesized that this butterfly house was
the source of wild, Thai individuals. We compared wing patterns and COI barcodes from two,
wild Thai populations with individuals obtained from this butterfly house. All Thai individuals
resemble the subspecies D. iulia modesta, and barcodes from wild and captive Thai specimens
were identical. This unique, Thai barcode was not found in any of the 30 specimens sampled
from the wild in the species’ native range, but is most similar to specimens from Costa Rica,
where many exporting butterfly farms are located. These data implicate the butterfly house as
the source of Thailand’s wild D. iulia populations, which are currently so widespread that
eradication efforts are unlikely to be successful.

Introduction
The introduction of exotic species to novel habitats is one of the most significant threats to
biodiversity conservation. Introduced plants can become invasive, replacing natural vegetation.
Introduced predators can consume indigenous prey that lack suitable defenses, and introduced
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insect herbivores can become plant pests, causing damage to native plants as well as crops
(Mooney and Hobbs 2000). Extensive import laws and quarantine procedures exist in nearly
every country to curtail unintentional introduction of pestiferous insects, which could potentially
“hitchhike” on imported plants or agricultural produce. Despite the tremendous effort spent
trying to prevent the spread of insects between countries, introductions of insect pests are
common (Mooney and Hobbs 2000, Walter 2003).

Once a newly introduced insect has been discovered, it may not be possible to determine how the
introduction occurred or whether the same species was introduced multiple times. For example,
Eastwood and colleagues (Eastwood et al. 2006) used DNA barcodes to demonstrate that all
sampled Dominican Papilio demoleus shared a single barcode also found throughout most of
Southeast Asia. Since the particular barcode haplotype found in the Dominican Republic is
widespread in the Oriental Region, it was not possible to determine the precise location of the
source population using DNA barcodes or whether the species was introduced more than once
(Eastwood et al. 2006). Determining the provenance of this introduction is important because
the Southeast Asian lineage of this species is frequently a pest of Citrus, whereas the lineage
from Australia and New Guinea is not (Fenner and Lindgren 1974, Braby 2000). In addition to
assessing the potential crop damage an introduced insect species may cause, knowledge of a
species’ home range might also be useful for identifying suitable parasitoid species for biological
control.

Beginning in 2007, several independent observers recorded specimens of the Julia butterfly,
Dryas iulia (Fabricius, 1775), at several locations in Thailand and Malaysia (Fig. 2.1) including
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Samui Island (Surat Thani province; Les Day, pers. comm.), Phuket Island (Phuket province; Sin
Khoon Khew, pers. comm.), Tioman Island, Malaysia (Khew 2009), and Phi Phi Don Island,
Thailand (Krabi province; DJL, pers. obs.). Küppers (Küppers 2007) reported the species from
the Thai provinces of Nakhon Si Thammarat, Phang Nga, and Chumphon, and suggested that the
species might have escaped from a butterfly house on Phuket.

Dryas iulia is native to the Americas, where thirteen subspecies are found in the southern USA,
Central America, the Caribbean, and northern South America (Clench 1975, Warren et al. 2013).
To identify the Thai specimens to subspecies (Fig. 2.1), we compared wing patterns of this
material to published photographs of all subspecies (DeVries 1987, Hernández 2004, Warren et
al. 2013). Specimens from Thailand resemble the subspecies Dryas iulia modesta, found in
Texas, Mexico, Central America, and the Pacific coast of South America to Ecuador (Clench
1975). In their native range, larvae of D. iulia feed on a variety of different Passiflora species
(Passifloraceae). Plants in this genus are typically vines or lianas, with more than 100 species in
the New World tropics, and about 20 in tropical Southeast Asia, Australia, and New Zealand
(Hansen et al. 2006). The second edition of Butterflies of Thailand (Ek-Amnuay 2012) now lists
the species as being part of the country’s fauna, noting its presence in Chumpon, Nakhon Si
Thammarat, and Surat Thani provinces, which are all in the southern peninsula. In Thailand,
larvae have been found feeding on Passiflora foetida, and adults frequently nectar on Lantana
camara (Les Day, pers. comm.); both of these plants are invasive species native to the Americas
(de Wilde 1972, ISSG 2014b).
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The Phuket Butterfly Garden (PBG; 71/6 Moo 5, Soi Paneung, Yaowarat Road, Rassada Rd.,
Phuket City) has been open since 1990 in the center of Phuket Island, one of the country’s most
visited tourist areas. In addition to maintaining a butterfly vivarium, the company sells live
butterflies for release at weddings (phuketbutterfly.com/wedding.php, accessed March 2014) and
provides butterflies for mass public release (Anonymous 2010, 2012). Releasing butterflies at
weddings is a relatively new custom practiced around the world. Instead of throwing rice or
birdseed at newlyweds as they leave the wedding ceremony, celebrants release live butterflies
from an envelope or cage so the couple departs in a swarm of live insects (New 2007, Boppré
and Vane-Wright 2012). After noticing that the PBG website (phuketbutterfly.com, accessed
May 2008) showed pictures of D. iulia butterflies, a Thai colleague visited the facility at our
request in June 2008. He found D. iulia flying in the vivarium, confirmed with staff that D. iulia
could be purchased for release at weddings, confirmed that specimens could be shipped to the
resort islands of Samui and Phi Phi Don (where D. iulia has already been observed in the wild),
and obtained nine fresh specimens of this species. We subsequently froze the specimens for
genetic work.

In the present study, we address two questions: 1) Did wild Thai populations of Dryas iulia
originate from livestock at the Phuket Butterfly Garden (PBG)? 2) From where in its natural
range did PBG animals originate? To answer these questions, we sequenced the barcoding
section of the mitochondrial cytochrome c oxidase subunit I (COI) gene from wild-caught
specimens in Thailand and specimens obtained from PBG. COI evolves rapidly, is easily
amplified and sequenced with highly conserved primers, and is therefore a good marker for
assessing maternal relatedness and, potentially, species membership (Hebert et al. 2003). If wild
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Thai D. iulia were naturalized after introduction from PBG, then DNA barcodes from wildcaught specimens would be similar or identical to barcodes from specimens obtained from PBG.
Genetic differences between wild and PBG-derived specimens would suggest that PBG is not the
source of Thailand’s naturalized D. iulia. However, shared barcode sequences might also result
if different populations of the species do not vary at this locus. Therefore, we compared these
Thai sequences to barcodes from D. iulia modesta specimens sampled throughout the species’
native range, including sequences from GenBank and from D. iulia hispaniola specimens wildcaught in the Dominican Republic. We suspect that PBG stock originated in Costa Rica, as
many Neotropical butterfly farms are found here (Michael Boppré, pers. comm.) (Boppré and
Vane-Wright 2012).

Materials and Methods
Specimen acquisition
Butterfly specimens were caught with an aerial net in the field. Each specimen’s wings were
removed from its body. Wings were stored in glassine envelopes and bodies were placed in vials
of 100% ethanol and frozen. All specimens collected for this study are vouchered in the DNA
and Tissues Collection of the Museum of Comparative Zoology, Harvard University (Table 2.1).
Permission to conduct research in Thailand was granted by the National Research Council of
Thailand. Permission to export specimens was granted by the CITES Office of the Department
of National Parks, Wildlife and Plant Conservation. Permission to conduct research in the
Dominican Republic was granted by the Ministerio de Medio Ambiente y Recursos Naturales.
Permission to export specimens was granted by the Secretaria de Estado de Agricultura,
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Departamento de Vida Silvestre, Santo Domingo. All permits in the Dominican Republic were
arranged by Kelvin A. Guerrero (kguerrero.net).

DNA sequencing
Specimens were obtained from colleagues, from the Phuket Butterfly Garden (see Introduction),
and from field collection in Thailand and the Dominican Republic. DNA was extracted from
single butterfly legs using a QIAGEN DNEasy Blood & Tissue Kit. After addition of the tissue
lysis buffer, insect legs were ground mechanically in microcentrifuge tubes using disposable
pestles. This step was added to further break down the chitin exoskeleton and thereby maximize
the surface area of tissues exposed to the lysis mixture. Subsequently, proteinase-K was added
and the manufacturer’s protocol was resumed.

A 658 bp fragment of the mitochondrial gene cytochrome c oxidase subunit I (COI) was
amplified from whole genomic extracts using the diverse metazoan invertebrate primer pair
LCO1490 (5'- TGTAAAACGACGGCCAGTGGTCAACAAATCATAAAGATATTGG-3')
and HCO2198 (5'-CAGGAAACAGCTATGACTAAACTTCAGGGTGACCAAAAAATCA3'). These primer sequences include the original primers of Folmer et al. (Folmer et al. 1994) to
which M13 tails (indicated in bold) had been concatenated on the 5’ end (Messing 1983).
Addition of these tails to the primers increases PCR success, particularly on specimens with
degraded DNA (Regier and Shi 2005). PCR products were visualized on agarose gels before
being sent to Genewiz (genewiz.com) for PCR clean-up and bidirectional sequencing. The
primer “tails” M13F and M13R were used as sequencing primers (Messing 1983). We
sequenced the COI barcode from 18 D. iulia specimens, constituting all Thai and Dominican
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samples in our dataset. We added 28 additional D. iulia barcode sequences from Costa Rica,
Mexico, and Panama and a sequence from the outgroup Dryadula phaetusa (Nymphalidae:
Heliconiinae) to the genetic dataset. We included all Dryas iulia sequences in GenBank that
completely overlapped with the barcoding fragment that we sequenced; longer sequences were
trimmed so that each sample included exactly 658 bp. The two Dominican specimens represent
the subspecies D. iulia hispaniola. All other sequences, including those from Thailand, are of D.
iulia modesta. Sequences from the other eleven D. iulia subspecies—which are mostly
Caribbean island endemics—were unavailable. Sequences were viewed, assembled, aligned, and
trimmed with Geneious (Drummond et al. 2009); alignments were performed within Geneious
using MUSCLE (Edgar 2004). The sequence alignment is provided as a nexus file in Appendix
A2. Protocols were adopted from dnabarcoding101.org, developed by the DNA Learning
Center, Cold Spring Harbor Laboratory.

Phylogenetic and distance analyses
The most parsimonious haplotype network of D. iulia was determined with TCS 1.2 with a 95%
connection limit (Clement et al. 2000), and redrawn using the Pie Graph Tool in Adobe
Illustrator CS6 (adobe.com). The program jModelTest 2.1.4 (Darriba et al. 2012) was used to
select the GTR+I+G model of sequence evolution using the AIC criterion, but we implemented
the GTR+G model to avoid overparameterizing the data. A maximum likelihood analysis and an
ML rapid bootstrap analysis were performed with RAxML 7.6.3 (Stamatakis 2006) on the
CIPRES Science Gateway (phylo.org) (Miller et al. 2010). Bootstrapping was stopped
automatically using the majority rule criterion under a GTR+G model. Bayesian phylogenetic
analyses were performed with MrBayes 3.2.2 (Ronquist et al. 2012) on the CIPRES Science
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Gateway. Four Markov chains, one cold and three heated, were run simultaneously for 10
million generations. Trees were sampled every 1000 generations, and the first 25% of sampled
trees were discarded as burn-in before calculating a consensus tree. Changes in the posterior
probabilities of 20 nodes were plotted over the generations of the analysis with the program Are
We There Yet? (Nylander et al. 2008) in order to confirm that the chains had probably converged.
To assess parsimony support for relationships among taxa, 1000 bootstrap replicates were run in
TNT 1.1 using standard bootstrapping with replacement after “Max. trees” was reset to 10,000
(Goloboff et al. 2008). TaxonDNA 1.0 (taxondna.sourceforge.net) (Meier et al. 2006) was used
to calculate uncorrected p-distances between barcode sequences.

Results
DNA barcode sequences were identical among all specimens from Thailand: the single wildcaught Dryas iulia on Koh Phi Phi Don, the six wild-caught specimens on Koh Samui, and all
nine specimens obtained from the Phuket Butterfly Garden (Fig 2.2a). This 658 bp haplotype
was not shared with any specimens caught in the New World, but was most similar to a Costa
Rican specimen (1 bp difference). The tree topologies obtained from Bayesian, maximum
likelihood, and parsimony methods were similar and had universally poor branch support, as one
might expect of a phylogeny based on a single gene sampled within a single species (Fig. 2.2b).
Each of the two D. iulia hispaniola specimens sampled from the Dominican Republic had a
unique haplotype; both were notably distinct from the other sampled haplotypes. Several
haplotypes were found in both Mexico and Costa Rica, demonstrating genetic diversity within
the subspecies D. iulia modesta.
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Discussion
It is likely that wild populations of Dryas iulia in Thailand originated from livestock at a
butterfly farm, possibly from individuals that were intentionally released alive. One such farm,
the Phuket Butterfly Garden (PBG), may be the source of the wild population, but without
exhaustive sampling, we cannot rule out other such farms as potential sources of the naturalized
wild Thai population. There are at least two alternative scenarios consistent with our results. It
is possible that the D. iulia livestock at PBG was obtained from the same source as a second,
unknown source that was responsible for the introduction—perhaps another butterfly farm in
Southeast Asia unknown to us. Alternatively, D. iulia could have been introduced into the wild
in Thailand where they became established and subsequently collected by PBG for propagation
and sale. We consider both of these alternatives unlikely. We know of no other butterfly houses
in Thailand that stock non-Asian species, including Nong Nooch Tropical Garden, Pattaya
(nongnoochgarden.com), Siam Insect Zoo, Chiang Mai (malaeng.com), Bangkok Butterfly
Garden and Insectarium, and Bai Orchid and Butterfly Garden in Chiang Mai. Access to import
documentation or knowledgeable PBG staff members could confirm or refute the second
possibility.

Identical sequences between wild-caught specimens and those from PBG are not due to lack of
genetic diversity in the species or subspecies. We included all publicly available, homologous
D. iulia barcode sequences in our dataset (which happened to all be from the subspecies D. iulia
modesta), and the 30 sequences from non-Thai samples constitute 17 distinct haplotypes,
demonstrating some degree of genetic variability within the species as a whole. The lack of
genetic diversity within Thai D. iulia is consistent with a genetic bottleneck caused by a small
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founding population. This might have happened if a small number of individuals was imported
to Thailand and used to found a colony at a butterfly house that eventually became inbred
(Woodworth et al. 2002).

It is unclear how this novel introduction will affect wild populations of other organisms. The
species has been observed feeding on Passiflora foetida, which is an invasive plant in Thailand,
and the butterfly might therefore be a boon for biological control of this weed. However,
herbivory by D. iulia might suppress populations of other species through consumptive
competition. This vine also provides fodder for the native butterfly species Cethosia cyane and
Vindula erota, as well as the alien species Acraea terpsicore (= A. violae) (Ek-Amnuay 2012),
which could be adversely affected.

Naturalization of this exotic species in Thailand may not have dire ecological consequences.
The Monarch butterfly, Danaus plexippus, dispersed across the Pacific Ocean from the Americas
to Australia in the 19th century (Vane-Wright 1993, Zalucki and Clarke 2004). This relatively
recent addition to Australia’s biota does not seem to suppress populations of native species,
particularly since the larvae feed on introduced plant species including Asclepias curassavica
and Gomphocarpus fruticosus (= Asclepias fruticosa) (Braby 2000). Introduced insect species
occasionally increase their host breadth to include plant species native to the area of introduction
(Strong et al. 1984), and D. iulia might impact native vegetation if this occurs. Observations of
the species are currently confined to peninsular Thailand and Malaysia. Wild D. iulia was first
recorded in Asia only seven years ago, and the species may still be expanding its range.
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Continued live butterfly release at weddings and religious ceremonies may be fortifying wild
populations and aiding range expansion.

There are several ecological dangers associated with butterfly houses. Most of these facilities do
not breed butterflies for display. Instead, they are sent shipments of live pupae from butterfly
farms by express mail. Many of these shipments cross international borders, as the majority of
butterfly farms are in tropical countries and many butterfly houses are in temperate areas
(Boppré and Vane-Wright 2012). A relatively small number of butterfly farms supply pupae for
most of the world’s butterfly houses, with large numbers of butterfly farms in Costa Rica,
Malaysia, and the Philippines. This translocation of livestock opens the possibility that exotic
species could escape into areas where they are not native, thereby introducing novel and
potentially pestiferous lepidopteran species into natural ecosystems, as seems to have happened
in Thailand. If an escapee is from a species found locally, interbreeding between introduced and
native genotypes could disrupt locally co-adapted gene complexes. This insidious “biopollution”
of a gene pool could be harmful to species with separate populations that are locally adapted to
different conditions. Even if butterflies remain contained within the facilities designed to house
them, lepidopteran parasites and pathogens harbored by the living, translocated pupae are smaller
and not easily detected. Escape of these butterfly enemies into the wild could have profoundly
negative consequences on local butterfly populations (Boppré and Vane-Wright 2012).
However, it is possible that these risks can be offset to some degree by the potential for butterfly
houses to educate the public about basic biology and the importance of wild insects and their
habitats, which are threatened around the world (Boppré and Vane-Wright 2012).
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In early 2014, PBG’s website showed photographs of at least three different couples in wedding
garb releasing butterflies from a cage, and at least one, live D. iulia specimen can be seen in each
photograph (phuketbutterfly.com/wedding.php, accessed March 2014). In addition to release at
weddings, thousands of butterflies are released annually into the Khao Phra Thaeo Wildlife
Conservation Area in Phuket in a release ceremony orchestrated in part by PBG (Anonymous
2010, 2012). The Phuket Gazette, a local newspaper, has recorded videos of these events in
which release of D. iulia can be observed (Anonymous 2010, 2012). In many parts of Asia,
captive animals have been released into the wild for over 1,000 years as part of Buddhist rituals
aimed at cultivating compassion for living beings (Shiu and Stokes 2008). In recent decades,
exotic species are readily available in live animal markets in Asia either as pets or food. Release
of these non-native species has led to their establishment as invasive species in some areas (Shiu
and Stokes 2008, Corlett 2010, Liu et al. 2013). For example, the American turtle Trachemys
scripta, which is sold as food and frequently released into the wild, is now the most common
turtle in every river in Taiwan (Severinghaus and Chi 1999). There are several initiatives to
educate Buddhist monks and laity about the ecological dangers of animal release (Severinghaus
and Chi 1999, Shiu and Stokes 2008, Liu et al. 2013).

Whereas butterfly houses offer the advantages of conservation awareness and general education
about the importance of biodiversity, there are few, if any, positive environmental aspects of
intentional butterfly release. Species introduction, biopollution of natural gene pools, and
introduction of novel butterfly enemies are all far more likely when fecund, living butterflies are
intentionally released into the wild (New 2007, Boppré and Vane-Wright 2012). For these and
other reasons, several authors have called for a ban on the release of butterflies at weddings
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(Kirkwood 1998, Pyle 2010, Pyle et al. 2010, Glassberg et al. 2014). Within the United States,
USDA-APHIS releases specific guidelines regarding the butterfly species that can be legally
released in each state (Wehling 2012) in order to reduce the likelihood of negative ramifications
of live butterfly release. We concur with other authors (Kirkwood 1998, Pyle 2010, Pyle et al.
2010, Glassberg et al. 2014) that the release of live butterflies at social or cultural events should
be banned; the short-lived benefits do not justify the threats of long-term damage.

Conclusions
Our analyses suggest that the Neotropical butterfly Dryas iulia was introduced to Thailand by the
Phuket Butterfly Garden (PBG), which breeds the species for live release at weddings and other
public events. Most wild D. iulia locality records in Thailand and Malaysia are on tropical
islands that are frequently the site of destination weddings: Phuket, Phi Phi Don, Samui, and
Tioman. It is likely that PBG obtained livestock from a butterfly farm in Costa Rica (as
evidenced by similarity of barcode sequences), and subsequent inbreeding at the PBG expunged
genetic variation, if there was any in the founding population. Released specimens bred in the
wild and began using Passiflora foetida as a larval host plant. The distribution of the species in
Thailand currently encompasses thousands of square kilometers, and eradication efforts are
unlikely to be successful, particularly since P. foetida is a common, invasive species, making it
difficult to find all possible larval host plants for control purposes. To strengthen our
conclusions regarding the provenance of the Thai stock, future studies might include more
markers and obtain samples from the species’ entire native range, which includes most islands of
the Caribbean as well as northern South America. We suggest that Thai authorities prohibit the
intentional release of live butterflies for commercial purposes and social functions, and regulate
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the importation of live animals for non-scientific purposes, including insects, to prevent similar
introductions in the future.

Figure Legends
Figure 2.1.
Collection localities of Dryas iulia butterflies on the Thai-Malay peninsula (unpublished data)
(Khew, 2009; Küppers, 2007). Orange butterfly symbols indicate localities from which we
sampled specimens for this study; black symbols indicate unsampled localities from which the
species has been recorded. The image illustrates the wings of specimen DL-08-T033 caught on
Phi Phi Don Island, Krabi Province, Thailand.
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Figure 2.2.
Relationships among Dryas iulia showing that wild-caught, Thai specimens have identical
barcodes with specimens from the Phuket Butterfly Garden and no other samples collected in
Central America and the Caribbean. a) Most parsimonious haplotype network of D. iulia
constructed with 95% connection limit. The size of each circle is proportional to the number of
specimens sharing that haplotype; the smallest circles represent a single haplotype and the
largest, sixteen. The colors of the pie charts indicate proportional representation of the
provenance of samples with that haplotype. Separation by a line indicates a single base pair
difference between haplotypes; crosses represent haplotypes that would be 1 bp different than
adjacent haplotypes, but were not sampled in this study. b) maximum likelihood bootstrap
consensus tree of COI haplotypes from D. iulia and one outgroup. Codes refer to GenBank
Accession Numbers and colors denote provenance of specimen collection. Numbers near
selected nodes indicate refer to the following branch support values (maximum likelihood
bootstrap support, Bayes posterior probability, parsimony bootstrap support, respectively): 1) =
40, -, -; 2) = 27, 0.62, -; 3) = 20, -, -; 4) = 27, 0.75, -; 5) = 31, 0.98, -; 6) = 26, 0.69, -; 7) =
100, 1, 100; 8) = 100, 1, 100
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Table 2.1.
Specimen information for sequences included in this analysis. GenBank accession numbers
beginning with KJ correspond to novel sequences generated in this study; all other accession
numbers represent sequences downloaded from GenBank for inclusion in the analysis.
Subspecies identifications of Central American specimens are inferred based on their collection
locality. Voucher locations: MCZ = Museum of Comparative Zoology, Harvard University; DHJ
= D. H. Janzen collection. Some voucher locations were not specified on GenBank.
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CHAPTER 3
Title
A Genus-level Phylogeny of Basal Old-World Brood-Parasitic Cuckoos (Tribe Cuculini):
How Many Independent Origins of Brood Parasitism are within the Family Cuculidae?

Abstract
Previous molecular phylogenetic reconstructions, that used mitochondrial DNA only, have
revised the number of independent evolutionary origins of obligate brood parasitism within the
avian family Cuculidae, as well as the placement of certain basal genera within the tribe
Cuculini. Here we present a multi-locus phylogeny including representatives from all
subfamilies and tribes containing obligate brood parasitic cuckoo genera. We have sequenced six
nuclear loci and one mitochondrial locus for the genus Clamator (Tribe Phaenicophaeini) and all
basal genera of the Tribe Cuculini, a group of exclusively Old World obligate interspecific brood
parasitic birds that have been suggested as a monophyletic grouping within the Cuculidae. We
then combined our data with relevant sequences from GenBank to assess the number of
independent origins of obligate brood parasitism within the Cuculidae as well as to resolve the
relative placement of specific genera within the Tribe. We confirm three independent origins of
brood parasitism within the Cuculidae, as seen in a previous mtDNA-based phylogenetic study
of cuckoos, and the monophyly of Tribe Cuculini. Notably, the genus Pachycoccyx is resolved as
the basal member of the Cuculini with strong support. We also ascertain some genus-level
arrangements, in that the Eudynamys koels, instead of Urodynamis, are resolved as sister to the
genus Scythrops. Our study confirms the removal of the New Zealand Long-tailed Cuckoo from
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Eudynamys and the placement into its own genus (Urodynamis) as suggested in a previous study
using multiple mtDNA loci.

Introduction
Obligate interspecific brood parasitism is known in five diverse families of birds: brood parasitic
finches in Viduidae, cowbirds within Icteridae, honeyguides in Indicatoridae, a single species of
duck (Heteronetta atricapilla) within Anatidae, and various lineages of parasitic cuckoos within
Cuculidae (Sorenson and Payne 2002). The Cuculidae comprises 32 genera and ~141 recognized
species, ~57 of which are obligate interspecific brood parasites (Payne 2005). Aragon et al.
(Aragón et al. 1999) proposed and Sorenson and Payne ( 2002, 2005) confirmed that the
interspecific brood parasitic cuckoos represent three independent evolutionary origins of brood
parasitism, based on the most recent species-level phylogenetic reconstruction of the family
using mitochondrial (mtDNA) loci (highlighted in green: Figure 3.1 (Sorenson and Payne 2005,
Krüger et al. 2009). These independent origins are manifested today by living brood-parasitic
genera falling into three clades within the Cuculidae: the sister genera Tapera and Dromococcyx
in the Subfamily Neomorphinae, the genus Clamator in the Tribe Phaenicophaeini (Subfamily
Cuculinae) and the entire Tribe Cuculini (Cuculinae). Sorenson & Payne’s (2005) complete
species-level phylogeny of the cuckoos is the most current molecular phylogeny to include all
three of the brood parasitic branches within Cuculidae that exhibit obligate interspecific brood
parasitism; this study was carried out using two mitochondrial genes, NADH dehydrogenase
subunit 2 (ND2) and the small subunit ribosomal RNA (12S).
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However, the existing phylogenies do not adequately resolve placement of all genera within
Cuculidae to determine how many independent origins of brood parasitism are present within the
family. Previous phylogenies based only on behavior, ecological and morphological traits with
no genetic data had come to differing conclusions about the number of times brood parasitism
evolved. One such paper argued that brood parasitism arose only once within the cuckoos
(Hughes 2000), whereas a more recent morphological study argued that brood parasitism arose
twice within the family (Posso and Donatelli 2006).

Recent molecular phylogenies of extant birds, using genomic-scale datasets, arrive at alternative
and slightly discordant arrangements of the families of extant avian lineages, such as those based
on reduced representation datasets and targeted enrichment (McCormack et al. 2013, Prum et al.
2015) as well as a recent whole-genome phylogeny sampling major lineages across the avian tree
(Jarvis et al. 2014). However, the McCormack et al. (2013) phylogeny includes no
representatives from within Cuculidae, whereas the Prum et al. (2015) paper includes four
representative Cuculidae species (including two of the three obligate brood parasitic lineages),
and the Jarvis et al. (2014) phylogeny includes a single representative species from within the
Cuculidae, an obligate brood parasite. An earlier mtDNA molecular phylogeny of the Cuculidae
(Johnson et al. 2000) represented limited taxon sampling, and did not have representation within
two of the three brood parasitic branches outlined in Sorenson and Payne’s (2005) study. These
phylogenies have helped to shed light on the position of Cuculidae within the avian tree of life,
however, because they are based on limited taxon-sampling within the family, they do not
resolve intra-familial phylogenies and shed no further light on the origins of brood parasitism
within the Cuculidae.
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Additional molecular phylogenies delve further into the major branches of the Cuculidae using a
variety of sequence-based approaches, including the mitochondrial DNA-based phylogeny of
Sorenson & Payne (2005), a dataset of 19 nuclear loci (Hackett et al. 2008), a dataset of nuclear
loci that expands upon the Hackett et al. paper (Reddy et al. 2017), and a complete dated
phylogeny of all birds from a combination of available genetic sequences and fossil calibration
(Jetz et al. 2012). Hackett et al. (2008) used a 32 kb dataset of 19 independent loci per species to
reconstruct the avian tree of life and included 7 cuckoo species within their 169 species dataset.
Reddy et al. (2017), expanding on the Hackett et al. dataset, included 235 species and 54 loci in
their analysis, adding one additional cuckoo species to the prior seven and bringing the total to
eight species across the Cuculidae, represented by arrows in Figure 3.1. The eight cuckoo species
included in this dataset help to resolve some of the major lineages within the family, but do not
further resolve the number of independent origins of interspecific brood parasitism as well as the
relative relationships within the Old World obligate brood parasitic Cuculini.

Therefore, the most recent molecular phylogenies with extensive lineage and taxon sampling of
Cuculidae genera and species remain, respectively that of Aragon et al. (Aragón et al. 1999) and
Sorenson and Payne (2005) which both solely use mitochondrial markers to assess the deep
evolutionary history of an old group of birds with a limited fossil record that is thought to have
arisen somewhere in the Paleocene or Eocene epochs of the Paleogene (Dyke and Van Tuinen
2004). Given the age of the cuckoo clade, estimated to be anywhere from approximately 40-65
million years old (Dyke and Van Tuinen 2004, Jarvis et al. 2014, Prum et al. 2015, Claramunt
and Cracraft 2015), using only mitochondrial markers may be inadequate for attempting to
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reconstruct the phylogeny of Cuculidae genera. This is due in part to the variable length of the
12S regions (Sorenson and Payne 2005), which may be confounded by poor ability to resolve
deep coalescent events (Sánchez-Gracia and Castresana 2012), requiring a more robust approach
to employ nuclear and mitochondrial markers in conjunction.

Critically, the Sorenson and Payne (2005) phylogeny presents low support values for the
placement of the basal monotypic genus Pachycoccyx within the Cuculini and the Jetz et al.
(2012) phylogeny places this genus within the Phaenicophaeini, suggesting a fourth independent
origin of obligate brood parasitism within the Cuculidae.

Here we aim to resolve 1) the number of independent origins of obligate brood parasitism within
the Cuculidae and 2) the phylogenetic relationships of the basal genera within the Cuculini, using
a multi-locus amplicon-based DNA sequencing approach. Of particular interest to the second
aim are the relative relationships of the basal members of the Cuculini including the genera
Pachycoccyx, Microdynamis, Eudynamys, Scythrops, and the division of the genus Urodynamis
from Eudynamys (Sorenson and Payne 2005).

Materials and Methods
Specimens
Through museum loans, we obtained fresh tissue material representing most genera within the
Cuculini (sensu Sorenson and Payne 2005) and a species of Clamator (Table 3.1). Previously
published sequences for eight genera from across the Cuculidae were downloaded from the
GenBank database (Table 3.1) for inclusion in our analysis (Hackett et al. 2008, Reddy et al.
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2017). For these eight genera, if there was no sequence available for a given marker, when
available, a sequence from a congener was used instead (Table 3.1). GenBank specimens from
the Otididae and Musophagidae were used as outgroups to root the Cuculidae sequences
generated in this study. Here we generated multi-locus sequence data including mitochondrial
and nuclear independent loci for 22 individuals representing ten genera added to eight GenBank
genera for a total of 17 genera (with redundancy in the genus Cuculus; see Table 3.1).

Sequencing and Analyses
For the above samples, we generated a total of 5304 base pairs of sequence per individual.
Sequences were generated for seven independent loci, including the mitochondrial marker
NADH dehydrogenase subunit 2 (ND2) used previously by Sorenson & Payne (2005). We have
produced data from an additional six independent nuclear markers representing a subset of the
markers used in an earlier phylogeny of extant Aves (Hackett et al. 2008): Clathrin Heavy ChainLike 1 (CLTCL1); Crystallin Alpha A (CRYAA); Fibrinogen Beta Chain (FGB); Growth
Hormone 1 (GH1); Myoglobin (MB); Transforming Growth Factor Beta 2 (TGFB2) (Kimball et
al. 2009).

Tissue extractions were carried out in the Sackler Institute for Comparative Genomics (SICG) at
the American Museum of Natural History (AMNH) in a separate, dedicated lab and bench space
maintained expressly for tissue extraction and kept free of PCR products. All tissues were
extracted using the QIAGEN DNEasy® Blood & Tissue kit. Standard manufacturer’s protocol
for animal tissue was followed (www.qiagen.com).
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DNA extracts were PCR amplified using the mitochondrial NADH dehydrogenase subunit 2
(ND2) marker, in multiple overlapping pairs L5216-F & H6313-R; L5216-F & H5766-R;
L5219-F & H5766-R; L5758 & H6313-R (Sorenson et al. 1999, Sorenson 2003). For the nuclear
markers, the following primer pairs were used. For CLTCL1: CLTCL1.e7F and
CLTCL1.e8Rnew; for CRYAA: CRY.1F and CRY.2R; for FGB: Fib3, Fib4, Fib5, Fib6 ; for
GH1: GH-F1391 and GH-R1925 ; for MB: MY02 and MY03F; and for TGFB2: TGFB2.5F and
TGFB2.6R were amplified respectively (Kimball et al. 2009).

PCR products were visualized on a 1.5% agarose/1xTAE gel, precast with SYBRsafe DNA gelstain following manufacturer’s suggested concentrations and run in 1x TAE buffer. Gels were
visualized and photographed under UV illumination. PCR products were cleaned up using
Ampure beads and cycle-sequenced using 0.5µl BigDye v3.1, Extension Buffer (BigDye
Terminator v3.1 Sequencing Buffer (5X)), cleaned-up PCR product, water, and unidirectional
primer diluted to 1.6 µM concentration. Following cycle-sequencing reaction, specimens were
cleaned using a 70% ethanol precipitation mixture and centrifuged at 4000 rpms and 12 ºC for 45
minutes, then sequenced on an ABI3730xl. Sequences were viewed, edited and aligned on
Geneious Pro version 8.1.7 (Kearse et al. 2012); alignments were generated within Geneious
using the program MUSCLE (Edgar 2004).

Sequences were concatenated using the program Sequence Matrix (Vaidya et al. 2011). The
concatenated dataset was uploaded to the CIPRES platform (phylo.org) (Miller et al. 2010),
where a Maximum Likelihood analysis was run using the program RAxML 8.2.4 (Stamatakis
2014). Seven partitions were run implementing the GTR+G model of nucleotide substitution;
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1000 fast bootstrap pseudo-replicates were generated to evaluate support for the clades generated
from the RAxML analysis.

The AICc in jModelTest2 was used to select the HKY+G, TPM1uf+G, GTR+G, HKY+G,
HKY+G, TVM+I+G, TrN+G models of nucleotide substitution for the CLTCL1, CRYAA, FGB,
GH1, MB, ND2 and TGFB2 datasets respectively (Darriba et al. 2012). A partitioned Bayesian
analysis was performed on the concatenated dataset using the program MrBayes 3.2.6,
implemented on the CIPRES platform (phylo.org) (Miller et al. 2010, Ronquist et al. 2012). Four
simultaneous Markov chains were run (one cold and three heated) for 100 million generations.
Trees were sampled every 10,000 generations, discarding the first 25% of trees as burn-in prior
to calculation of consensus tree.

Results
Based on the Bayesian and maximum likelihood analyses, we obtained phylogenies in
topological agreement, resolving some of the low bootstrap values in Sorenson and Payne’s
(2005) phylogeny of the Cuculidae. Primarily, we confirm three independent origins of obligate
brood parasitism within the Cuculidae (Figure 3.2), namely with the Tapera-Dromococcyx clade
(within Neomorphinae), with Clamator (within Phaenicophaeini) and with the entire clade of
Cuculini. We observe (Figure 3.2), in agreement with the phylogeny by Sorenson & Payne
(2005), that the genus Clamator (specimen #06 on the phylogeny) is nested within the
Phaenicophaeini. This has 100% bootstrap support from the likelihood tree and posterior
probability of 1, from the Bayes tree. We also identify the basal placement of the genus
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Pachycoccyx within the tribe Cuculini with a Bayesian posterior probability of 1 and a likelihood
bootstrap support value of 100%.

In contrast to Sorenson and Payne’s phylogeny, Pachycoccyx is not a sister genus to the koels
(Microdynamis and Eudynamys), but basal to the entire Cuculini clade. In turn, the koels retain
their well-supported sister genera status and are well supported as sister to the monotypic genus
Scythrops. Furthermore, in our study Eudynamys scolopaceus diverges between the sampled
specimens from Singapore (specimens 15 and 21) and Australia (specimen 20).

Our results also support Sorenson & Payne’s (2005) transfer of Eudynamys taitensis to the
monotypic genus Urodynamis, however, it is no longer sister genus to Scythrops; overall the
placement of Urodynamis within the subtending clade has low support and remains unresolved.
The clade with Urodynamis contains the remaining members of the Cuculini tribe including
Chrysococcyx, Cacomantis, Surniculus, and Cuculus.

Discussion
Here we largely confirm and corroborate, with nuclear and mitochondrial loci combined, the
cuckoo molecular phylogeny results obtained by Aragon et al. (1999) and Sorenson and Payne
(2005) based on their respective mitochondrial datasets. We agree with what has been suspected
based on differences in behavioral aspects of parasitism observed within and between parasitic
cuckoo clades (Sorenson and Payne 2005, Krüger et al. 2009): interspecific obligate brood
parasitism appears to have originated independently three times within the Cuculidae. Other
papers that have looked at the number of independent origins of brood parasitism did so from a
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combination of behavioral, ecological, and morphological data, and not from a molecular genetic
perspective. These studies drew differing conclusions about the numbers of independent origins
of brood parasitism within the cuckoos that may perhaps be based on the complexities of
choosing characters and traits on which to base their analyses (Hughes 2000, Posso and Donatelli
2006). However, the most recently published molecular phylogeny of the Cuculidae (Sorenson
and Payne 2005) had low support values for the placement of the parasitic genus Pachycoccyx
within the Cuculini. Here, with further sampled nuclear loci, we find robust support for the
placement of this genus as the basal member of the tribe. This, in conjunction with the first
multi-locus sequence generated for the genus Clamator, which places it in the Phaenicophaeini,
confirms three independent origins of brood parasitism within the Cuculidae.

Although the basal position of Pachycoccyx within the Cuculini is well supported, we note
rearrangements with respect to the Channel-billed Cuckoo (Scythrops) and the koels
(Microdynamis, Eudynamys). Additionally we corroborate the placement by Sorenson & Payne
(2005) of the New Zealand Long-tailed Cuckoo within its own monotypic genus Urodynamis, a
name proposed by Salvadori (1880) and the oldest available generic name for the species if
placed in its own genus (see synonymy in Gill et al. 2010). The New Zealand Long-tailed
Cuckoo is remarkably similar in bill-size, body-size and tail-length to the Australo-Asiatic koels
(Eudynamys) and female koels in most regions have a plumage of brown bars and spots very
similar to that of the Long-tailed Cuckoo. Evidence from both morphology and biogeography
(contiguously allopatric distributions) support the hypothesis that the long-tailed cuckoo “is a
koel that has been isolated by the barrier of the Tasman Sea from its Asiatic sister species”
(Flemming 1982). However, our study instead supports the surprising result of Sorenson &
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Payne (2005), that the remarkable similarity of Eudynamys and Urodynamis does not indicate
sister status; their similarity might be due to a shared but more ancient ancestry than predicted by
other phylogenies. We also find that, despite the extremely large body size and massive bill
morphology of Scythrops, its sister-relationship is with smaller koels with regular bill-sizes.
However, this sister relationship is specifically with Eudynamys in our results, and not with
Urodynamis as in the Sorenson & Payne (2005) phylogeny. Finally, the Eudynamys scolopaceus
species complex is further resolved with a distinct split detected here between Australian and
Southeast Asian specimens. This is not surprising given recent taxonomic realignment work
within this genus (Christidis and Boles 2008) and especially given the different brood parasitic
breeding strategies of the Eastern vs. Asian koels, being nestmate evictors vs. nestmate tolerant
hatchlings, respectively (Moskat et al. in press). Additional sampling from within the Cuculini
will aid in further resolution of both generic and specific relationships and taxonomy within the
clade.

Figure Legends
Figure 3.1.
Genus-level phylogeny of Cuculidae, adapted from Sorenson and Payne’s two-locus mtDNA tree
(2005). Bold-faced genera with green borders represent obligate brood parasites. Arrows point
to eight genera sampled in Reddy et al. (2017).
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Figure 3.2.
Bayesian tree for the tribe Cuculini, constructed from one mitochondrial (ND2) and six nuclear
(CLTCL1, CRYAA, FGB, GH1, MB, and TGFB2) genetic markers, generated using MrBayes
run for 100 million generations (shown). Bracket labels: Horizontal labels represent Subfamilies
within Cuculidae. Vertical labeled brackets represent tribes within the Cuculinae Subfamily. Tip
labels are genus names, where only one representative species was included per genus. Where
additional species were included, full species names are shown. Numbers preceding generic
names correspond to “code” column names in Table 3.1. Names followed by a “P” shaded in
green are brood parasitic cuckoos. Names followed by “NP” are not parasitic. Branch numbers
represent Bayesian posterior probability support values followed by the bootstrap resampling
support values from the Maximum Likelihood tree (not shown) based on 1000 bootstrap
replicates and generated using RAxML. Tree was rooted using the species Lophotis ruficrista,
Turaco erythroiophus, and Corythaeoia cristata (not shown).
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Table 2.1.
Species of cuckoos, specimen codes, sampling localities and sampled genetic markers for this
project. AMNH = American Museum of Natural History; KU = Kansas University; UWBM =
University of Washington, Burke Museum; Y = Completed sequence; N = No sequence
available. ND2 sequence in the genera Crotophaga and Phaenicophaeus were each from a
congener (C. ani and not C. sulcirostris; P. viridirostris and not P. curvirostris, respectively), as
no ND2 sequences were available for the species included in the Hackett et al. (2008) paper.
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CHAPTER 4

Title
Genetic Tracking of Parasitic Invaders: Assessing the Geographic Origin of an Introduced
Obligate Brood Parasitic Finch, Vidua macroura

Abstract
Co-invasion, host-parasite coevolution, and historical contingency are all presumed to play roles
in the successful human-facilitated introduction of obligate avian brood parasites and their hosts.
The Pin-tailed Whydah (Vidua macroura) is an African endemic with recently established exotic
breeding populations within two of the world’s biodiversity hotspots, the Caribbean island of
Puerto Rico and southern California. Previous molecular evidence, based on limited sampling,
pointed to a split between northern and southern African Pin-tailed Whydah populations,
enabling the genetic tracking of the introduced whydahs’ source populations. We present the first
molecular analysis of Pin-tailed Whydah specimens collected from their introduced New World
distribution and from captive populations in the US within the pet trade. Specifically, we
conducted a multi-locus analysis of native and exotic Pin-tailed Whydah populations using
portions of the NADH dehydrogenase subunit 2 (ND2) mitochondrial marker as well as the
Myoglobin (MB) and Transforming Growth Factor Beta -2 (TGFB2) nuclear introns. Our
analyses corroborate the northern - southern African split and indicate that the Puerto Rico,
California, and currently captive-traded New World populations of Pin-tailed Whydah all map
exclusively to a northern African origin. With northern African estrildid hosts established and
breeding in several New World localities, exotic Pin-tailed Whydahs are likely already co-
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adapted to their host species in the New World and therefore present a considerable
establishment and invasive potential.

Key Words
Birds; Brood Parasites; Introduced Species; Pin-tailed Whydah; Molecular Genetics; Vidua
macroura

Introduction
Exotic species can pose serious problems for conserving local biodiversity, especially in regions
with high numbers of endemic species – termed ‘biodiversity hotspots’ (Myers et al. 2000). The
presence of exotic species may negatively impact the environment in a number of ways. First,
exotic species may compete with native species for biotic and abiotic resources (Blackburn et al.
2009). Second, introduced and exotic species often cause economic and agricultural damage in
their new landscape. Some widely established invasive examples found in North America
include zebra mussels (Dreissena polymorpha), which clog the pipes of municipal waterways
(Bossenbroek et al. 2007), Monk Parakeets (Myiopsiirta monachus), which build cumbersome
nesting structures on human-made objects that destroy power lines and property (Avery et al.
2002, Runde et al. 2007, Edelaar et al. 2015), and European Starlings (Sturnus vulgarus), which
are agricultural pests (Bergman et al. 2000). Third, one of the more ecologically detrimental
impacts is through the introduction of an exotic parasite that can utilize co-occurring native
species as novel hosts. Native species often lack adequate defenses against exotic parasites,
which sometimes results in dramatic collapses in host populations (Lafferty et al. 2010).
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One such exotic parasitic bird has been introduced to North America, the Pin-tailed Whydah
(Vidua macroura). The Pin-tailed Whydah is an obligate brood parasite endemic to the African
continent south of the Sahara, presently categorized as a single panmictic population (Fry and
Keith 2004). Prized for the long tail plumes of the breeding male (Figure 4.1), this whydah is
commonly bred and sold as a pet bird, thus providing a pathway for release as an exotic across
several locations worldwide (Long 1981, Baptista 1992, Lever 2005). Whereas its introduction to
Hawaii has failed (Long 1981), it has established exotic breeding populations in southern
California (USA) - primarily in Los Angeles and Orange counties, based on eBird records and a
recent study (Sullivan et al. 2009, California Birds Records Committee 2015, Garrett and Garrett
2016) - and the Caribbean island of Puerto Rico (Moreno 1997), both localities found within
biodiversity hotspots (Myers et al. 2000).

Key to predicting and managing the impacts of exotic parasites is characterizing the range of
species they can likely utilize as hosts (i.e. their host range). This task is made more difficult
when the parasite is a widespread generalist in its native range and exploits a variety of rangerestricted hosts across its native distribution. In such instances there is value in pinpointing the
native source region of the exotic parasite population since knowing where the invading parasite
stock is sourced from more specifically also will narrow its historic host range. Here we
genetically trace the native source region for an exotic bird, the Pin-tailed Whydah, to
complement previous assessment efforts in the characterization of its invasive potential (CrystalOrnelas et al. 2017). Our goal is to narrow the source region for these exotic populations, and for
individuals currently bred in captivity and/or sold as pets in the US. This information is essential
for accurately assessing the ecological threat this species may pose to co-occurring species native
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to the whydah’s exotic distributions. A better understanding of the parasites’ native and exotic
populations also has the potential to provide insights for conservation biologists looking to assess
the whydah’s potential to spread across and beyond its introduced landscape (Blackburn et al.
2009, Burg et al. 2014).

While the Pin-tailed Whydah is presently characterized as panmictic across its historic African
distribution, with no recognized subspecies, recent studies have pointed to the possibility that the
population is structured (Fry and Keith 2004, Sorenson et al. 2004, DaCosta and Sorenson 2016).
Through increased sampling from across the Pin-tailed Whydah’s native distribution, as well as
sampling across the exotic wild populations and captive North American populations, we aim to:
1) further characterize the observed genetic variation described across the native African range
of the parasite (Sorenson et al. 2004, DaCosta and Sorenson 2016); 2) map the exotic wildcaught specimens and specimens available in museum collections for future analyses; and 3)
identify and assign the exotic captive populations to their region-of-origin. Thus, we are poised
to track the source of the Pin-tailed Whydah’s introduction(s) to North America and trace the
relationship of the wild African and captive exotic North American populations to each other.

Methods and Materials

Study species and sites
The Pin-tailed Whydah manipulates one or more host species into incubating its eggs and raising
its young (Hauber and Dearborn 2003). In their native range, whydahs are known to parasitize
members of the Old World family of estrildid finches (Davies 2000, Lowther 2016). The first
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sightings of Pin-tailed Whydahs on Puerto Rico occurred in the early 1970s, where records
suggest they may have been brought from Senegal as part of the pet trade (Long 1981, Moreno
1997, Lever 2005). Today, Pin-tailed Whydahs are found throughout the island, wherever
grassland and open habitat is found. On Puerto Rico, the Pin-tailed Whydah’s primary hosts are
assumed to be Orange-cheeked and Black-rumped Waxbills (Estrilda melpoda and E.
troglodytes respectively), which themselves were introduced from Africa as exotics in the mid1800s (Long 1981, Lever 2005).

A second site of an exotic population of Pin-tailed Whydahs is in southern California, USA
(Sullivan et al. 2009, California Birds Records Committee 2015, Garrett and Garrett 2016).
Based on observations in California from the eBird data portal (https://ebird.org), there have
been reports over a number of years, of large flocks of Pin-tailed Whydahs, including juveniles,
with mixed flocks of exotic estrildids and native birds - thus representing a second established
breeding population in the New World (Sullivan et al. 2009, California Birds Records
Committee 2015). Garrett and Garrett (2016) confirmed breeding in this population through
sightings of fledgling whydahs being fed in the wild (see below).

The relationship and connections between captive/pet-traded and exotic populations in North
America is not presently known. Captive populations were likely sources for exotic populations,
although this has not been confirmed through historical records or genetic evidence. Given the
difficulty of captive breeding brood parasites, however, these exotic populations may now serve
as reservoirs for captive breeding efforts and pet-trading businesses within North America and
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the Caribbean, which complicates the interpretation of any potential genetic evidence linking
wild and captive birds.

Genetic analyses
Evidence from two sampled individuals of Pin-tailed Whydahs, collected at locations in the
northwestern and southern extent of the bird’s native range, suggests the presence of genetic
variation within the species (Sorenson et al. 2004, DaCosta and Sorenson 2016). These prior
studies used single-locus mitochondrial molecular evidence and ddRAD generated SNPs
respectively and were based on sampling only two individuals - a single individual from each of
the northwestern and southern portions of their range. This limited analysis points to a split
between northern and southern African Pin-tailed Whydah populations.

Here, we sequenced a 1007 base pair region of the mitochondrial NADH dehydrogenase subunit
2 (ND2) marker, as well as two nuclear markers: a 664 base pair region on intron 2 of the
Myoglobin (MB) gene and a 516 base pair region on intron 5 of the Transforming Growth Factor
Beta -2 (TGFB2) gene. Using these markers, we mapped 71 specimens of Pin-tailed Whydahs to
geographic sampling locations and populations of origin (Sorenson et al. 1999, Sorenson 2003,
Kimball et al. 2009). The 71 specimens represent wild-captured African tissue samples, with
associated locality information, contained within North American and European avian museum
collections. Our sample also included wild-caught exotic Puerto Rico and California whydahs
and individuals sourced from three separate North American retailers of captive birds.
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Muscle tissues, representing all Pin-tailed Whydah populations and outgroups for this study were
obtained through fieldwork and collection in Puerto Rico, blood samples from captive
specimens, and tissue loans from various institutions and avian collections in North America and
Europe. Additional sequences used in the subsequent analysis were downloaded from the
GenBank database (Table 4.1, Figures 4.2 and 4.3). Outgroup species (also see Table 4.1)
included: Ploceus cucullatus, Turdus falklandii, Vidua chalybeata, Spermestes cucullata (4),
Paradise Whydah sp. (Vidua sp.), Lonchura punctulata, Estrilda melpoda (3), and Vidua sp.
(specimen from Democratic Republic of Congo).

For our study, we sequenced 14 specimens from wild-captured southern African localities,
adding to the previously analyzed single southern African specimen (Sorenson et al. 2004,
DaCosta and Sorenson 2016). We also added three specimens from central Africa as well as 14
specimens from northern Africa. When added to the single northern African specimen analyzed
in previous studies, we base our results on a total of 33 African specimens. African wild-caught
birds were from six northwestern African nations: Cameroon, Equatorial Guinea, Gabon, Ghana,
Cote D’Ivoire and Nigeria. In Central Africa, tissues were obtained from Uganda and the
Democratic Republic of Congo. From Southern Africa, tissues were obtained from Malawi and
South Africa.

In the New World, we obtained tissues of 38 individual Pin-tailed Whydahs, including eight
wild-captured exotic birds in Orange County in Southern California and ten from the Caribbean
island of Puerto Rico. We combined these samples with blood and tissue samples from 20
individuals representing three different captive breeders across the United States (See Table 4.1).
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We carried out tissue extractions in the Sackler Institute for Comparative Genomics (SICG) at
the American Museum of Natural History (AMNH) in a separate, dedicated lab and bench space
maintained expressly for tissue extraction and kept free of PCR products. All tissues were
extracted using the QIAGEN DNEasy® Blood & Tissue kit. Standard manufacturer’s protocol
for animal tissue was followed (www.qiagen.com).

We PCR amplified DNA extracts using the mitochondrial ND2 marker in multiple overlapping
pairs: L5216-F & H6313-R; L5216-F & H5766-R; L5219-F & H5766-R; L5758 & H6313-R
(Sorenson et al. 1999, Sorenson 2003). For the nuclear markers on MB and TGFB2, the primer
pairs MY02 and MY03F and TGFB2.5F and TGFB2.6R were amplified respectively (Kimball et
al. 2009). PCR products were visualized on a 1.5% agarose/1xTAE gel, precast with SYBRsafe
DNA gel-stain following manufacturer’s suggested concentrations and run in 1x TAE buffer.
Gels were visualized and photographed under UV illumination. PCR products were cleaned up
using Ampure beads and cycle-sequenced using 0.5µl BigDye v3.1, Extension Buffer (BigDye
Terminator v3.1 Sequencing Buffer (5X)), cleaned-up PCR product, water, and unidirectional
primer diluted to 1.6 µM concentration. Following cycle-sequencing reaction, we cleaned
specimens using a 70% ethanol precipitation mixture and centrifuged at 4000 rpms and 12 ºC for
45 minutes, then sequenced on an ABI3730xl. We viewed, edited and aligned sequences on
Geneious Pro version 8.1.7 (Kearse et al. 2012); alignments were generated within Geneious
using the program MUSCLE (Edgar 2004).

50

We generated most parsimonious haplotype networks from the separate Pin-tailed Whydah ND2,
MB and TGFB2 sequence alignments using the program TCS 1.21, implementing a 95%
connection limit cutoff, run in the program PopART (Clement et al. 2002, Leigh and Bryant
2015).

We concatenated sequences using the program Sequence Matrix (Vaidya et al. 2011). The
concatenated dataset was uploaded to the CIPRES platform (phylo.org) (Miller et al. 2010),
where a Maximum Likelihood analysis was run using the program RAxML 8.2.4 (Stamatakis
2014). We ran three partitions, implementing the GTR+G model of nucleotide substitution; 1000
fast bootstrap pseudoreplicates were generated to evaluate support for the clades generated from
the RAxML analysis. In addition, the MB and TGFB2 genes were run separately under the same
partitioning scheme to assess phylogeographic signal from intronic regions alone.

We used the AICc in jModelTest2 to select the K80, GTR+I+G, and TVM models of nucleotide
substitution for the MB, ND2 and TGFB2 datasets respectively (Darriba et al. 2012). We
performed a Bayesian analysis with three partitions using the program MrBayes 3.2.6,
implemented on the CIPRES platform (phylo.org) (Miller et al. 2010, Ronquist et al. 2012). Four
simultaneous Markov chains were run (one cold and three heated) for one hundred million
generations. Trees were sampled every 10,000 generations, discarding the first 25% of trees as
burn-in prior to calculation of consensus tree.

Individual haplotypes and ML trees from MB and TGFB2 intronic regions were conducted and
deposited the Appendix 4 (see Results for further details).
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Results

We found a clear signal of genetic structure between northern and southern African individuals,
corroborating a more widespread pattern first elucidated in previous studies but based on only
two individuals (Sorenson et al. 2004, DaCosta and Sorenson 2016). The specimens in our new
analyses also fell into one of two well-supported clades in the Bayesian and Maximum
Likelihood analyses. All southern African individuals sampled fell into a single clade (Figure
4.4; blue highlighted specimens). All northern African specimens fell into a separate clade
(Figure 4.4; green highlighted specimens) with the exception of a single northern African
specimen from Gabon (Figure 4.4; specimen code “Gabon2”), which was nested within the
otherwise exclusively southern clade. A second specimen from the same sampling location in
Gabon (Specimen code “Gabon1”) fell with the rest of the northern African specimens.

All individuals sampled from exotic populations in Puerto Rico and California, as well as all
individuals from the three captive sources, grouped with the exclusively northern African clade
(Figure 4.4; red highlighted specimens). This strongly suggests northwestern Africa as the origin
for all exotic populations of Pin-tailed Whydahs.

The results from the TCS haplotype network analyses, on a trimmed 974 base-pair sequence of
the ND2 mitochondrial marker (Figure 4.5) from 69 individual Pin-tailed Whydahs, showed
clear geographic signal supporting northern and southern African populations. Separate networks
for the two nuclear introns (see Appendix, figures A4.1a and A4.1b) MB (69 sequences) and
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TGFB2 (68 sequences) displayed contrasting results. The variable number contained within each
of the above analyses is due to the fact that not all individuals amplified for each of the loci (see
Table 4.1). The MB marker contained one segregating site and the TGFB2 marker contained 3
segregating sites, contrasted with the ND2 marker’s 61 segregating sites. No discernable
geographic pattern was detected with respect to each of the nuclear makers (see Appendix,
figures A4.1a and A4.1b). Furthermore, the observed differentiation displayed in the partitioned
concatenated Bayes and Maximum Likelihood trees are assessed to be driven by the
mitochondrial ND2, as the two nuclear markers do not contribute strongly to phylogeographic
signal (see Appendix, figures A4.2a and A4.2b).

Discussion

We have significantly expanded the molecular analysis of native whydah populations in Africa,
and also provided the first genetic tracking of exotic and captive populations in North America.
With our additional sampling across Africa, these analyses corroborate the previous evidence for
a northern African and southern African split within Pin-tailed Whydahs (Sorenson et al. 2004,
DaCosta and Sorenson 2016). Our findings are in accordance with a recent study suggesting the
present estimate of global bird diversity is a drastic undercount (Barrowclough et al. 2016).
While the nuclear markers did not provide intrascpecies resolution, the strong mitochondrial
signal suggests a more recent split between the two populations as more recent structure is
expected to be visible in mtDNA markers before any such changes are expected to be visible in
nuclear markers (Zink and Barrowclough 2008). We also conclude that individuals from exotic
and captive populations in Puerto Rico as well as the continental US originated from the northern
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African native population. A previous historical study had identified Senegal as the likely source
for the Puerto Rico population of Pin-tailed Whydahs based on shipping records from the early
1970s (Moreno 1997). While we were not able to obtain any specimens from Senegal, our
findings support a fully northern African origin for the Puerto Rico population, the California
population and all New World captive Pin-tailed Whydah specimens sampled.

We cannot further determine whether the North American populations are derived from multiple
separate releases or a single founding population. However, with further analysis it is feasible to
explore whether exotic wild individuals in Puerto Rico are a source for some or all of the captive
individuals. Specifically, five of the ten sampled specimens from Puerto Rico and five of the
eight sampled specimens from California share identical mtDNA haplotypes (Figure 4.5),
suggesting the earlier-established exotic Puerto Rico population is a likely source for the exotic
California population. To resolve the nature of the relationship between the exotic and captive
New World populations, a finer scale molecular approach is warranted.

Our results suggest that the exotic populations of Pin-Tailed Whydahs are parasitizing hosts that
they historically encountered in their African native range, namely the Orange-cheeked Waxbill.
We therefore suggest that no host switching was necessitated for the Pin-tailed Whydah to
establish in Puerto Rico. It remains to be seen which estrildid finch is the actual host species of
the exotic whydah population in Southern California or elsewhere (Sullivan et al. 2009,
California Birds Records Committee 2015, Kwong 2015). Recently, however, feeding
observations of fledgling whydahs in Orange County suggest it to be the exotic estrildid Scaly-
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breasted Munia (Lonchura punctulata) (Garrett and Garrett 2016), originally from southern Asia
where there are no Vidua brood parasites.

There are reports that the Pin-tailed Whydahs in Puerto Rico have successfully parasitized other
exotic non-African estrildid finches besides Orange-Cheeked Waxbills, and the whydah’s eggs
have been observed infrequently in the nests of native New World Black-faced and Yellow-faced
Grassquits (Tiaris bicolor and T. olivacea, respectively; Personal Communication: H. Raffaele
2012; R. Perez-Rivera 2012). This is in agreement with reports that Pin-tailed Whydahs display
less host specificity than their congener whydahs and indigobirds (Payne 1977), and host
switching to novel estrildid finches has been observed within their native African range
(Lansverk et al. 2015). However, no host switching relevant data were collected and can be
analyzed by the methodology in our present study.

To more fully characterize the population structure and origins of the New World population of
Pin-tailed Whydahs and estrildid finch hosts in Puerto Rico, California, and captive North
American population(s), further sampling of individuals and molecular markers from across the
historic African distributions as well as New World exotic populations should be undertaken.
Each effort should allow more extensive tracking of the species’ invasive potential as well as the
elucidation of undocumented genetic diversity across the ancestral range of these species. Based
on distributional models of host estrildids as well as reports of host switching in Pin-tailed
Whydahs, further assessment of the species’ ecological potential to spread across its exotic range
is warranted (Crystal-Ornelas et al. 2017). In general, using molecular genetics techniques as a
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key component to tracking the invasive potential across diverse species is substantiated by our
findings here.

Compliance with Ethical Standards

Specimens collected in the course of this project were done so with permits from local, state, and
federal authorities and were made in compliance with the ‘Guidelines to the Use of Wild Birds in
Research’ as set forth by the Ornithological Council. All requisite permits are on file with the
American Museum of Natural History and the City University of New York.

Figures and Tables

Fig.4.1
Male Pin-tailed Whydah (Vidua macroura) (Photo Credit: By New Jersey Birds - Pin-tailed
Whydah Uploaded by snowmanradio, CC BY-SA 2.0,
https://commons.wikimedia.org/w/index.php?curid=17833369).
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Fig.4.2
African sampling localities. Circles are proportional to the number of individuals obtained from
each location and colors correspond to the locality key in Figure 4.5 (the smallest circles
represent n=1). All African specimens were obtained from specimens collected from wild
populations. Circles do not represent actual sampling localities, but represent country of origin;
see Table 1 for detailed specimen locality information and sampling coordinates. Map was
created using Natural Earth Data in QGIS (QGIS Development Team 2016).
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Fig.4.3
New World sampling localities. Circles are proportional to the number of individuals obtained
from each location and colors correspond to the locality key in Figure 4.5 (the smallest circle
represents n=2). Specimens from Puerto Rico and California were obtained from wild exotic
populations. Specimens from other locations represent captive specimens obtained from
breeders and labeled with stars. Circles do not represent exact sampling localities, but broadly
represent country, state and region of origin; see Table 1 for detailed specimen locality
information and sampling coordinates. Map was created using Natural Earth Data in QGIS
(QGIS Development Team 2016)
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Fig.4.4
Bayesian tree generated using MrBayes run for 100 million generations (shown). Branch
numbers represent bootstrap resampling support values from the Maximum Likelihood tree (not
shown) generated using RAxML followed by the Bayesian posterior probability support values.
Blue branches and labels represent individuals with a Southern African sampling origin. Green
branches and labels represent northern African sampling origin and red branches and labels
represent New World sampling origin. Note specimen Gabon2 within the largely blue southern
African clade has a sampling origin from Northern Africa (Gabon)
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Fig.4.5
Most parsimonious haplotype network generated using the program TCS 1.21 as implemented in
the program PopART. Network was drawn from an ND2 alignment of 69 Vidua macroura
specimens collected from locations in Africa and the New World (including wild and captive
populations). Abbreviations are as follows: DRC = Democratic Republic of Congo; USA =
United States of America; AZ = Arizona; WA = Washington State; NY = New York State
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Table 4.1
Specimens, sampling localities, and loci. This table contains information on all Vidua macroura
and outgroup specimens sampled for the present study. “Voucher Collection Codes” refer to the
collection where the voucher is housed; abbreviations correspond to the following: American
Museum of Natural History Department of Ornithology Tissues = AMNH DOT; Field Museum
of Natural History = FMNH; Laboratory of Dr. Mark E. Hauber at Hunter College = Hauber;
Los Angeles County Museum of Natural History = LACM; Natural History Museum of Geneva
= MHNG; Natural History Museum Denmark = NHMD; University of Michigan Museum of
Zoology = UMMZ; University of Washington Burke Museum = UWBM; Yale Peabody
Museum = YPM. Additional abbreviations: N = No viable sequence obtained; Sp. = species ID
unknown; x = connotes outgroup specimens not included in Figure 3A; N/A = not available. All
sequences were generated during this study with the exception of the following: Sequences for
outgroup specimens of Ploceus cucullatus, Turdus falklandii, and Vidua chalybeata were all
obtained from the GenBank database. ND2 and TGFB2 sequences for the Vidua macroura
voucher specimens UMMZ 232524 and UMMZ 231387 were obtained via GenBank as well.
Unless otherwise noted, muscle tissue is the source for all samples.
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CHAPTER 5

Conclusion
Through collection of natural history specimens and use of museum collections, researchers are
able track the changes and trends in biodiversity over time, documenting the vast array of living
organisms, as well as the processes through which new species evolve and existing species
become extinct. Natural history collections are important to our understanding of all biodiversity,
documenting the effects of industrialization and pollution on said biodiversity, documenting
climate change and its effect on the world’s biota (Remsen 1995, Winker 2005, Bates et al. 2009,
WINKER 2009, Rocha et al. 2014, DuBay and Fuldner 2017).

Introduced, exotic, and invasive species present a threat to biodiversity, and can be a serious
economic drain on society (Pimentel et al. 2000, 2005; Mack et al. 2000). One important method
of documenting the spread of exotic organisms is through the use of vouchered specimens in
natural history collections (Suarez and Tsutsui 2004). While natural history collections
occasionally document invasions quite thoroughly, as is the case with the European Starling (S.
vulgaris), where the earliest released birds from the 1890’s nested on the roof of the AMNH and
a few were collected and preserved (Chapman 1925). In addition, a search of the natural history
collection data-portal VertNet (www.vertnet.org) yields many specimens of S. vulgaris from
across its introduced landscape in North America and across the temporal history of that
introduction as well. Thus, natural history collections preserve the record of among the first
introduced European Starlings as well as their spread across the continent. This example is the
exception, rather than the rule. With respect to one of the focal species of this thesis, Vidua
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macroura, its introduction is poorly documented in natural history collections. Prior to the efforts
of the study in Chapter 4, for the introduced populations of whydahs there were only four birds
collected recently from Puerto Rico and eight birds collected in California by any natural history
collection. Furthermore, as a basis for genetic studies, there are limited specimens from across
the whydah’s almost continental-scale historical range in sub-Saharan Africa represented in
natural history collections. African ornithologists have argued for the continued need to collect
birds in the continent (Bates et al. 2009), but the whydah is just one example of an introduced
bird in North America for which there is limited collection material available for study. Efforts
have been made to document the number of introduced birds within the US, as well as other
vertebrates, with approximately 127 species of introduced birds at last count (Witmer et al. 2007,
Witmer and Fuller 2011b). According to the lead author on these studies, as well as another
federal official studying introduced species in southern Florida, there is no concerted and
coordinated effort to collect introduced organisms within the United States (Gary Witmer and
Bryan Falk, Personal comm.). By one estimate, fewer than 100 species of introduced organisms
accounted for about 100 billion dollars worth of economic damage in the US over the last
century, and there are an estimated 50,000 introduced species in the US alone (Pimentel et al.
2005). If a fraction of the federal and state budgets for invasive species management and
eradication went to a dedicated natural history collection for documenting exotic organisms, the
research benefits might be worth the investment. Studies of populations and tracing the origins of
introduced species could have benefits beyond the management and control of the organism.
Evolutionary biologists could study genetic and behavioral adaptations to novel environments.
As this thesis documents the introduction of an obligate brood parasite to a new landscape,
understanding population history may help to form the underpinnings of future studies
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documenting its behavior and potential for parasitizing novel hosts and spreading beyond its
present range.

Beyond biodiversity conservation, economic interests and the purely scientific questions that can
be asked when natural experiments in accidental introductions are documented, there is the great
potential for educational training to be gained from dedicated efforts to preserve specimens of
introduced species. In the study of the introduced Dryas iulia butterfly, three of my co-authors
were high school students at the time the research was conducted. Introduced species are often
euthanized in efforts to manage and control them, and those organisms that are collected in
management efforts are seldom kept in any collection repository. In correspondence with
numerous USDA-APHIS Wildlife Services officers, they confirmed that most birds collected in
efforts to reduce bird-airplane collisions at airports are simply destroyed. An effort to collect and
maintain vouchers from these eradication efforts across time could provide additional
opportunities for students to learn specimen preparation, specimen identification, and conduct
laboratory investigations and studies in the service of both training and furthering our
understanding of introduced species in new landscapes. While research collecting is generally
well regulated and permits are necessary for most scientific collecting, exotic species are
generally unregulated and therefore present an easy opportunity for training students in field
research techniques as well as downstream analyses. I advocate here for further allocation of
some of the vast resources already aimed at eradication of introduced species, to be redirected
towards: 1) coordinating a concerted national effort to collect specimens and maintain natural
history repositories dedicated to introduced organisms, in the service of better understanding the
introduced populations of organisms and how they are adapted and adapting to these novel
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environments; 2) in conjunction with efforts to boost the training of students across the age
spectrum, towards increasing competency in, and knowledge and awareness of, natural history,
ecology, behavioral and evolutionary biology.
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APPENDIX

Appendix 2

A.2. Dryas iulia COI sequence alignment in NEXUS format, published in (Burg et al. 2014).

#NEXUS
BEGIN DATA;
DIMENSIONS NTAX=47 NCHAR=658;
FORMAT DATATYPE=DNA GAP=- MISSING=? ;
MATRIX
GU157119_CR
AACTTTATATTTCATTTTTGGAATTTGAGCAGGAATAGTAGGAACATCTTTAAGTATTTTAATTCGAATAGAAT
TAGGTAATCCAGGATCTTTAATTGGAGATGATCAGATTTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTAATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTGCCTTTAATACTTGGAGCTCC
TGATATAGCTTTCCCCCGAATAAATAATATAAGTTTTTGACTCCTTCCCCCTTCTTTAATCTTACTAATTTCTA
GAAGAATTGTAGAAAATGGAGCAGGAACAGGATGAACTGTTTATCCCCCTTTATCATCAAATATTGCACACGGT
GGATCCTCAGTAGATTTAGCAATTTTTTCTCTACATTTAGCTGGAATTTCTTCTATTTTAGGAGCAATTAATTT
TATTACTACTATTATTAATATACGAATTAATAATATATCTTTTGATCAATTACCTTTATTCGTATGAGCTGTAG
GTATTACAGCCCTTCTTTTATTACTTTCATTACCAGTTTTAGCTGGTGCTATTACTATATTATTAACTGATCGT
AATTTAAATACTTCTTTTTTTGACCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
KJ496352_TL
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCTCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU157122_CR
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGAACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTTCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU157123_CR
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGAACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
88

GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU157124_CR
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGNGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTNCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGGGCAATTAATTT
TATTACAACTATCATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCCGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCAGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU157126_CR
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGAACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTTCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCTCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGGGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCAGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU157127_CR
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGNGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGGGCAATTAATTT
TATTACAACTATCATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCCGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU157128_CR
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGAACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU157129_CR
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCTCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTTCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
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GU157130_CR
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGAACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU157131_CR
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGNACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGNGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGGGCAATTAATTT
TATTACAACTATNATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCCGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU333906_CR
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGAACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTTCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU333908_CR
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTTCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU659588_MX
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGAACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTTCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU659594_MX
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGGGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
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GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGGGCAATTAATTT
TATTACAACTATCATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCCGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCAGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU659619_MX
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGAACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU659620_MX
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGAACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTTCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGGGCAATTAATTT
TATTACGACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCAGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU659621_MX
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGAACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTGATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU659622_MX
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGAACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTTCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU659623_MX
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGGGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGGGCAATTAATTT
TATTACAACTATCATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCCGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCAGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
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GU659624_MX
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGAACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTTCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGGGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCAGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU659625_MX
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGAACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU659626_MX
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGAACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGGGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU659691_MX
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGAACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGACCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTTCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGGGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCAGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU666775_CR
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTTCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
GU666782_CR
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
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GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTTCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
HM416486_PM
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGAACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTTCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTTCATTTAGCTGGTATCTCTTCAATTTTAGGGGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCAGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
JN201279_MX
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGAACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTTCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGGGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCAGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
JN201280_MX
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGGGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGGGCAATTAATTT
TATTACAACTATCATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCCGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCAGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
JQ536893_CR
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGAACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTTCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCCCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCAGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
KJ496353_TL
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCTCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
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KJ496354_TL
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCTCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
KJ496355_TL
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCTCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
KJ496356_TL
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCTCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
KJ496357_TL
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCTCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
KJ496358_TL
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCTCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
KJ496350_DR
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGAACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATTGGAGATGATCAAATTTATAATACTATTGTTACAGCTCACGCATTTATTATA
ATTTTTTTTATAGTTATACCTATAATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCCCC
TGATATAGCATTTCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
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GAAGAATTGTTGAAAACGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCGTCTAATATTGCTCATGGT
GGTTCATCTGTTGATTTAGCTATTTTTTCCCTTCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCAGGAGGAGGAGACCCAATTTTATATCAACATTTATTT
KJ496351_DR
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGAACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATTGGAGATGATCAAATTTATAATACTATTGTTACAGCTCACGCATTTATTATA
ATTTTTTTTATAGTTATACCTATAATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCCCC
TGATATAGCATTTCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAACGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCGTCTAATATTGCTCATGGT
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTTCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCAGGAGGAGGAGACCCAATTTTATATCAACATTTATTT
KJ496359_TL
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCTCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
KJ496360_TL
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCTCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
KJ496361_TL
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCTCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
KJ496362_TL
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCTCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
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KJ496363_TL
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCTCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
KJ496364_TL
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCTCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
KJ496365_TL
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCTCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
KJ496366_TL
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCTCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
KJ496367_TL
AACTTTATATTTTATTTTTGGAATTTGAGCAGGAATAGTTGGGACATCATTAAGTATATTAATTCGATTAGAAT
TAGGAAATCCAGGTTCTTTAATCGGAGATGATCAAATCTATAATACTATTGTTACAGCTCATGCATTTATTATA
ATTTTTTTTATAGTTATACCTATTATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATATTAGGAGCTCC
TGATATAGCATTCCCCCGAATAAATAATATAAGTTTTTGACTTCTTCCCCCCTCATTAATACTTTTAATTTCAA
GAAGAATTGTTGAAAATGGAGCAGGAACTGGATGAACTGTTTATCCCCCACTTTCATCTAATATTGCTCATGGA
GGTTCATCTGTTGATTTAGCTATTTTTTCTCTCCATTTAGCTGGTATCTCTTCAATTTTAGGAGCAATTAATTT
TATTACAACTATTATTAATATACGAATTAATAATATATCATTTGATCAATTACCTTTATTTGTTTGAGCAGTTG
GAATTACTGCACTTCTTTTATTATTATCTTTACCAGTTCTTGCTGGAGCTATTACTATACTTTTAACTGATCGA
AATTTAAATACCTCTTTTTTTGATCCTGCGGGAGGAGGAGACCCAATTTTATACCAACATTTATTT
;
END;
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Appendix 3

Fig. A 3.1a

Most parsimonious haplotype network generated using the program TCS 1.21 as implemented in
the program PopART. Network was drawn from an MB alignment of 69 Vidua macroura
specimens collected from locations in Africa and the New World (including wild and captive
populations). Abbreviations are as follows: DRC = Democratic Republic of Congo; USA =
United States of America; AZ = Arizona; WA = Washington State; NY = New York State
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Fig. A3.1b

Most parsimonious haplotype network generated using the program TCS 1.21 as implemented in
the program PopART. Network was drawn from an TGFB2 alignment of 68 Vidua macroura
specimens collected from locations in Africa and the New World (including wild and captive
populations). Abbreviations are as follows: DRC = Democratic Republic of Congo; USA =
United States of America; AZ = Arizona; WA = Washington State; NY = New York State
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Fig. A 3.2a

Maximum Likelihood tree for the MB locus showing outgroups and V. macroura specimens.
Trees were created using the program RAxML 8.2.4, implementing the GTR+G model of
nucleotide substitution; 1000 fast bootstrap pseudoreplicates (branch values) were generated to
evaluate support for the clades. Specimens and sampling locations can be found in Table 1.
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Fig. A3.2b

Maximum Likelihood tree for the TGFB2 locus showing outgroups and V. macroura specimens.
Trees were created using the program RAxML 8.2.4, implementing the GTR+G model of
nucleotide substitution; 1000 fast bootstrap pseudoreplicates (branch values) were generated to
evaluate support for the clades. Specimens and sampling locations can be found in Table 1.
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